Xing J, Lu J, Li J. Contribution of nerve growth factor to augmented TRPV1 responses of muscle sensory neurons by femoral artery occlusion. In rats, hindlimb muscle ischemia induced by femoral artery occlusion augments the sympathetic nervous response to stimulation of transient receptor potential vanilloid type 1 (TRPV1) by injection of capsaicin into the arterial blood supply of the hindlimb muscles. The enhanced sympathetic response is due to alterations in TRPV1 receptor expression and its responsiveness in sensory neurons. The underlying mechanism by which TRPV1 receptor responses are increased after muscle vascular insufficiency/ischemia is unclear. In this report we tested the hypothesis that muscle ischemia elevates nerve growth factor (NGF) levels in primary afferent neurons, thereby increasing TRPV1 responsiveness. Muscle vascular insufficiency induced by the femoral artery ligation significantly increased NGF in the dorsal root ganglion (DRG) compared with sham controls. Furthermore, when NGF was infused in the hindlimb muscles of healthy rats (72 h using an osmotic minipump), the magnitude of the DRG neuron response to capsaicin was augmented (5.4 Ϯ 0.54 nA with NGF infusion vs. 3.0 Ϯ 0.17 nA in control; P Ͻ 0.05). With the addition of NGF in the culture dish containing the DRG neurons, the magnitude of the DRG neuron response to capsaicin was greater (6.4 Ϯ 0.27 nA; P Ͻ 0.05 vs. control) than that seen in control (2.9 Ϯ 0.16 nA). Note that this NGF effect was seen in isolectin B4-negative DRG neurons, a group of thin fiber nerves that contain neuropeptides and depend on NGF for survival. These data suggest that NGF affects a selective subpopulation of the afferent neurons in mediating augmented TRPV1 responses after femoral artery occlusion. peripheral arterial disease; transient receptor potential vanilloid type 1 TWO MAJOR CLINICAL PRESENTATIONS seen in peripheral arterial occlusive disease due to atherosclerosis include intermittent claudication and critical limb ischemia (15, 32) . Patients with intermittent claudication have normal or slightly diminished lower extremity blood flow at rest but an inability to adequately increase blood flow with exercise. Patients with critical limb ischemia have inadequate blood flow to meet the resting demands of the limb. The rat femoral artery ligation model exhibits impaired limb blood flow reserve capacity with exercise but normal flow at rest. Thus this model is widely used to study hindlimb muscle ischemia and vascular insufficiency that would be seen with limb ischemia due to arterial occlusive disease (44).
Xing J, Lu J, Li J. Contribution of nerve growth factor to augmented TRPV1 responses of muscle sensory neurons by femoral artery occlusion. Am J Physiol Heart Circ Physiol 296: H1380 -H1387, 2009. First published March 13, 2009 ; doi:10.1152/ajpheart.00063.2009.-In rats, hindlimb muscle ischemia induced by femoral artery occlusion augments the sympathetic nervous response to stimulation of transient receptor potential vanilloid type 1 (TRPV1) by injection of capsaicin into the arterial blood supply of the hindlimb muscles. The enhanced sympathetic response is due to alterations in TRPV1 receptor expression and its responsiveness in sensory neurons. The underlying mechanism by which TRPV1 receptor responses are increased after muscle vascular insufficiency/ischemia is unclear. In this report we tested the hypothesis that muscle ischemia elevates nerve growth factor (NGF) levels in primary afferent neurons, thereby increasing TRPV1 responsiveness. Muscle vascular insufficiency induced by the femoral artery ligation significantly increased NGF in the dorsal root ganglion (DRG) compared with sham controls. Furthermore, when NGF was infused in the hindlimb muscles of healthy rats (72 h using an osmotic minipump), the magnitude of the DRG neuron response to capsaicin was augmented (5.4 Ϯ 0.54 nA with NGF infusion vs. 3.0 Ϯ 0.17 nA in control; P Ͻ 0.05). With the addition of NGF in the culture dish containing the DRG neurons, the magnitude of the DRG neuron response to capsaicin was greater (6.4 Ϯ 0.27 nA; P Ͻ 0.05 vs. control) than that seen in control (2.9 Ϯ 0.16 nA). Note that this NGF effect was seen in isolectin B4-negative DRG neurons, a group of thin fiber nerves that contain neuropeptides and depend on NGF for survival. These data suggest that NGF affects a selective subpopulation of the afferent neurons in mediating augmented TRPV1 responses after femoral artery occlusion. peripheral arterial disease; transient receptor potential vanilloid type 1 TWO MAJOR CLINICAL PRESENTATIONS seen in peripheral arterial occlusive disease due to atherosclerosis include intermittent claudication and critical limb ischemia (15, 32) . Patients with intermittent claudication have normal or slightly diminished lower extremity blood flow at rest but an inability to adequately increase blood flow with exercise. Patients with critical limb ischemia have inadequate blood flow to meet the resting demands of the limb. The rat femoral artery ligation model exhibits impaired limb blood flow reserve capacity with exercise but normal flow at rest. Thus this model is widely used to study hindlimb muscle ischemia and vascular insufficiency that would be seen with limb ischemia due to arterial occlusive disease (44) .
With the use of this rat model, the results of our previous study (47) demonstrate that the femoral artery ligation increases transient receptor potential vanilloid type 1 (TRPV1) receptor responsiveness in the primary sensory neurons and thereby enhances the reflex sympathetic responses evoked by injection of capsaicin in the arterial blood supply of the hindlimb muscle. Thus alterations in metabolite-sensitive TRPV1 are likely to contribute to augmented sympathetically mediated vasoconstriction that is a crucial factor in contribution to decreased blood flow (43) . The reduced blood flow in skeletal muscle has been suggested to cause limited exercise capacity (45) seen under circumstances of muscle ischemia or muscle vascular insufficiency associated with peripheral arterial occlusive disease. Exercise training also can improve sympathetic nervous activity and reduce the resting levels of norepinephrine leading to vasoconstriction (20, 30) and has further benefits for patients with peripheral arterial disease (29) . Whether the TRPV1 receptor is activated during exercise in the hindlimb muscle ischemia induced by the femoral arterial occlusion is yet to be determined. However, given its altered function after femoral arterial occlusion, it is possible that TRPV1 receptor overactivity contributes significantly to reductions in exercise capacity after the development of peripheral arterial disease.
Consistent with this idea, our previous work using this model has shown that TRPV1 responsiveness is enhanced in response to capsaicin at rest (47) . The precise mechanism by which TRPV1 receptor-mediated responses are augmented after insult of muscle vascular insufficiency is unclear. A previous study has shown that nerve growth factor (NGF) levels are elevated in ischemic hindlimb muscles of rats 24 h after the femoral artery ligation (12) . In addition, NGF can increase TRPV1 expression and sensitize its response in the dorsal root ganglion (DRG) neurons (2, 54, 55) . Thus we postulated that the femoral artery occlusion would elevate NGF levels in primary afferent neurons-DRG and thereby increase TRPV1 responsiveness.
To test this hypothesis we employed the ELISA methods to examine whether the level of NGF would be elevated in DRG neurons of rats after femoral artery occlusion. The time course of NGF alterations induced by the femoral artery occlusion was also determined in this experiment. In addition, NGF was chronically infused into the muscle of healthy rats using an osmotic minipump previously inserted in the muscle and the magnitude of the DRG neuron response induced by capsaicin was then examined using the whole cell patch-clamp methods. This experiment allowed us to mimic the conditions induced by femoral arterial occlusion in freely perfused rats. Finally, the magnitude of the DRG neuron response to capsaicin was examined with and without the addition of NGF in the culture dish containing the DRG neurons.
METHODS

Femoral artery ligation.
The rat femoral artery occlusion model has been well characterized (37, 51) . We used this method to induce hindlimb muscle vascular insufficiency/muscle ischemia. Male Sprague-Dawley rats (5-7 wk old) were anesthetized by inhalation of an isofluraneoxygen mixture (2-5% isoflurane in 100% oxygen). Right and left femoral arteries were surgically exposed and isolated immediately distal to the inguinal ligament. A ligature (3-0 silk) was placed tightly around the femoral artery ϳ3 mm distal to the inguinal ligament. It has been reported that this procedure reduces blood flow reserve capacity to ϳ10 -20% of normal but remains sufficient to meet resting blood flow requirements (37, 49 -51) . Sham control animals underwent the same procedure as described except that a suture was placed below the artery but was not tied. The rats were allowed to recover 12, 24, and 48 h before the experiments were started. In some experiments, the ligature was performed on one leg and the sham control procedure was performed on another leg. All procedures outlined in this study were approved by the Animal Care Committee of this institution.
Measurements of NGF. Seven sham control rats and eighteen rats with arterial occlusion were anesthetized by inhalation of an isoflurane-oxygen mixture (2-5% isoflurane in 100% oxygen) and killed by decapitation. The L4-L6 DRGs were removed quickly, weighed, and frozen at Ϫ80°C for NGF measurements. We chose to harvest the L4-L6 DRGs because they largely innervate the hindlimb muscles studied in this experiment. NGF levels were determined using a two-site immunoenzymatic assay (ELISA) as previously described (53) . It is noted that the ELISA measurements were made on L4-L6 DRGs from individual animals. Briefly, polystyrene 96-well microtitel immunoplates were coated with affinity-purified polyclonal goat anti-NGF antibody (Promega). Parallel wells were coated with purified goat IgG for evaluation of nonspecific signal. After overnight incubation at room temperature and 2 h of incubation with the coating buffer containing 50 mM carbonate buffer (pH 9.5) in 2% BSA, plates were washed with 50 mM Tris ⅐ HCl (pH 7.4; 200 mM NaCl, 0.5% gelatin, and 0.1% Triton X-100). After extensive washing, the diluted samples and the NGF standard solutions (Promega), ranging from 0 to 1 ng/ml, were distributed in each plate and left at room temperature overnight. The plates were then washed and incubated with 4 mU of anti-␤-NGF-galactosidase per well (Boehringer Mannheim). After a 2-h incubation at 37°C, the plates were washed and then incubated with 100 l of substrate solution (4 mg of chlorophenol red per ml of substrate buffer containing 100 mM HEPES, 150 mM NaCl, 2 mM MgCl2, and 0.1% sodium azidey1% BSA) that was added to each well. After an incubation of 2 h at 37°C, the optical density was measured at 575 nm using an ELISA reader (Dynatech).
Infusion of NGF in hindlimb muscle. The Alzet osmotic minipump model 1003D (3-day delivery) containing either NGF (R&D systems) or saline was implanted subcutaneously in the hindlimbs of eight healthy rats under anesthesia and aseptic technique. This method allowed NGF to be chronically infused into skeletal muscles. On one leg, NGF was delivered at a rate of 0.25 g/h (16, 34) . A total of 18 g NGF was delivered using the minipump over 72 h. In another leg, physiological saline was delivered at the same infusion rate via a minipump. This served as the control. The period of delivery was 72 h. Note that the physical size of the Alzet osmotic minipump to be better implanted subcutaneously in the hindlimbs of rats was available with 72 h, 1, 2, and 4 wk of delivery period. Based on our results showing that NGF was significantly increased in the DRG at 24 and 48 h after ischemia, the 72-h delivery period was chosen in this experiment. This was closer to the time course of increased NGF.
Fluorescent tracer injection into hindlimb muscle. The nineteen healthy control rats and seven rats with the femoral artery occlusion were anesthetized by inhalation of an isoflurane-oxygen mixture, and the following injections were performed 4 to 5 days before electrophysiological recordings. The skin was incised and pulled away from underlying muscle tissue; a fluorescent retrograde tracer, 1,1-dioctadecyl-3,3,3,3 tetramethylindocarbocyanine percholate (DiI; 60 mg/ ml; Molecular Probes, Eugene, OR), was injected into the white portion of the gastrocnemius muscle (47, 48) . The results of our previous study suggest that DRG neurons with nerve endings in the white muscle develop greater inward current responses to capsaicin (48) . The injection volume was 1 l, and the injection was repeated three times at different locations. The injection needle was placed in the muscle for 5-10 min to prevent leakage of tracer. The skin overlying the muscle was then sutured to cover the incised area, and the rats were allowed to recover from the surgery. At the end of each experiment, the gastrocnemius muscle was dissected to confirm locations of DiI. The data were included in this experiment if DiI was in the white portion of the gastrocnemius muscle.
Isolation of DRG neurons. The rats were anesthetized with isoflurane and decapitated 24 h following the ligation of the femoral artery or at the end of NGF infusion. DRGs at lumbar levels 4 -6 were then removed and immediately placed into Dulbecco's modified Eagle's medium (DMEM; GIBCO, Carlsbad, CA). The DRGs were then incubated with 1 mg/ml collagenase IV (Sigma-Aldrich) and 0.5 mg/ml trypsin (Sigma-Aldrich) for 30 min at 34°C in a shaking water bath. Soybean (1.25 mg/ml; Sigma-Aldrich), a trypsin inhibitor, was then added to stop trypsin action. The cell suspension was centrifuged (500 rpm, 5 min) to remove the supernatant, replenished with DMEM, and plated onto a 35-mm culture dish containing poly-L-lysine (50 g/ml; Sigma-Aldrich)-precoated coverslips and maintained for at least 60 min before electrophysiological recordings.
In one group of experiments, based on the previous studies (54, 55), 100 ng/ml of NGF was added in the culture dish 60 min before each recording to further determine the effects of NGF on the response of the DRG neurons to capsaicin. Note that the experiments were conducted on the DRG neurons obtained from healthy animals.
Electrophysiological recordings. Whole cell recordings were made using fire-polished glass electrodes (2-5 M⍀ resistance) pulled from glass capillaries (1.17 mm ID, 1.5 mm OD; Harvard Apparatus) on a model P-97 micropipette puller (Sutter Instruments). The recording chamber was continuously perfused (1 to 2 ml/min) with artificial cerebral spinal fluid (aCSF) containing (in mM) 140 NaCl, 5.4 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, and 10 glucose (pH adjusted 7.4; osmolarity 320 mOsm). Electrodes were filled with solution containing (in mM) 124 KCl, 13.2 NaCl, 2 MgCl2, 0.3 NaGTP, 1 EGTA, 10 HEPES, and 4 Mg-ATP (pH brought to 7.2; osmolarity to 300 mOsm). All solutions were made fresh daily and filtered. Immediately before recording, neurons were incubated with IB4-Alexa Fluor 488 (3 g/ml; Invitrogen) in aCSF solution for 10 min and then rinsed for at least 3 min. Thus we can examine two distinct subpopulations of thin fiber afferent neurons, namely IB4 negative and IB4 positive. The IB4-negative neurons contain neuropeptides such as calcitonin generelated peptide and substance P, whereas the IB4-positive neurons are relatively peptide poor (3, 5, 6, 31) . Figure 1 shows that IB4-positive and IB4-negative neurons were identified. DRG neurons were first visualized using differential interference contrast (DIC; ϫ20 -40) optics and an IB4-positive neuron was then visualized (as green color) using a combination of fluorescence illumination and DIC optics on a Nikon TE2000 inverted microscope (Olympus Optical, Tokyo, Japan). Capsaicin induced-currents were recorded from both IB4-positive and IB4-negative neurons. DiI-labeled DRG neurons were also identified (as red color) using the similar method. Under DIC, images of cells were displayed on a video monitor. A tight gigaohm seal was subsequently obtained in the selected neuron. Size of cell soma was estimated by calculating the mean of the longest and shortest crosssectional diameters with the aid of a calibrated eyepiece reticle. As previously reported (47, 48) , the DRG neurons with diameter Ͻ35 m were recorded in this study.
For all chemical tests with capsaicin (Sigma-Aldrich), solutions were applied locally and rapidly (2-s duration) to the neuron of interest using silica 28-gauge syringes of 0.25 mm ID (World Preci-sion Instruments). The tip of each syringe was placed 100 m from the cell soma using a manipulator. The gravity-fed solutions were controlled using manual switching of one-way stopcock valves. Capsaicin was dissolved in 1% Tween 80-1% ethanol-98% saline to make a stock solution of 1 mM. For capsaicin responsiveness experiments, capsaicin was diluted in the aCSF solution to make the concentrations of 1 M on the day of each experiment. The effect of capsaicin on DRG neurons of sham control rats and rats with vascular insufficiency and on DRG neurons with the prior exposure of NGF was examined by applying 1 M of capsaicin. In some experiments, capsaicininduced currents in the DRG neurons obtained from healthy rats were also examined 2 min after 50 M of capsazepine was applied. One neuron per coverslip was studied and, after each recording, the chamber was washed with ethanol and water to eliminate any residual chemicals.
Signals were recorded with a MultiClamp 700B amplifier (Axon Instruments, Foster City, CA), digitized at 10 kHz with a DigiData 1322A, and filtered at 1 to 2 kHz and saved in a PC-based computer using pClamp 10.1 software (Axon Instruments). The whole cell configuration was maintained at Ϫ60 mV. Seals ranged from 1.5 to 6.0 G⍀. An equilibration period of 5-10 min was allowed after whole cell access was established and the recording reached a steady state. The recording was then made to measure changes in inward currents evoked by chemical stimuli. Electrical access to the cell was monitored throughout each recording. The recording was abandoned if the monitored input resistance changed Ͼ10%. The magnitude of inward current was determined using Clampfit 10.1 (Axon Instruments). Neurons were considered to be capsaicin sensitive if an evoked inward current was Ͼ50 pA in peak amplitude.
Statistics. NGF measurements were analyzed using a one-way ANOVA. Amplitude of capsaicin-evoked currents was analyzed using a two-way repeated-measure ANOVA. As appropriate, Tukey post hoc tests were utilized. Values are presented as means Ϯ SE. For all analyses, differences were considered significant at P Ͻ 0.05. All statistical analyses were performed by using SPSS for Windows version 15.0 (SPSS, Chicago, IL).
RESULTS
NGF levels in DRG neurons after muscle ischemia. NGF levels in the DRG of seven sham control rats and rats with 12, 24, and 48 h muscle ischemia induced by the femoral artery occlusion (6 rats in each group) were examined (Fig. 2) . Arterial occlusion elevated NGF in the DRG. When compared with sham control rats, 24 and 48 h of occlusion significantly increased NGF levels in the DRG of ischemic rats. There was no difference in NGF levels between 24 and 48 h of occlusion.
Effect of ischemia on capsaicin-induced currents in DRG neurons. Capsaicin-induced currents in the DRG neurons innervating muscles were further examined in control and 24 h ischemia. We chose to examine the response of DRG neurons 24 h postischemia based on our previous study (47) showing that 24 h of femoral artery occlusion can significantly increase the magnitude of TRPV1 response to capsaicin in DRG neurons and that there is no difference in the response in 24 and 48 h of ischemia. In this experiment, a sham operation was performed on one leg as a control; femoral artery ligation was performed on the contralateral leg to evoke ischemia. IB 4positive and IB 4 -negative neurons were identified before each recording. Figure 3 , A and B, shows original traces and average data of IB 4 -positive (n ϭ 19 in control; and n ϭ 18 in ischemia) and IB 4 -negative DRG neuron (n ϭ 22 in control; and n ϭ 18 in ischemia) responses to 1 M capsaicin in control and in ischemia. When compared with control, arterial occlusion increased the peak inward current induced by capsaicin in both IB 4 -positive and IB 4 -negative DRG neurons. We also examined effects of capsaicin receptor blocker capsazepine on evoked currents in sixteen neurons. Capsaicin-induced currents in the DRG neurons were attenuated by 85% with prior exposure of 50 M of capsazepine as previously reported (47, 48) . A possible effect of the vehicle for preparations of capsaicin on DRG neurons was also examined. The membrane currents remained at ϳ0 nA in seven tested DRG neurons when the vehicle was applied.
Effect of NGF on capsaicin-induced currents in DRG neurons. To determine the role of NGF in modulating TRPV1 responses of DRG neurons, NGF was chronically infused into A: DRG neurons viewed using differential interference contrast optics. B: same microscopic field viewed using fluorescence illumination. An IB4-positive neuron is indicated by the arrows (A and B, bottom) ; an IB4-negative DRG neuron is indicated by the arrow (A, top; the same neuron does not appear in B). Scale bar ϭ 50 m. the muscle of healthy rats using an osmotic minipump, and the magnitude of the DRG neuron response induced by capsaicin was then examined. Figure 4 , A and B, shows original traces and average data of IB 4 -positive (n ϭ 29 for control; and n ϭ 24 with NGF) and IB 4 -negative (n ϭ 31 for control; n ϭ 25 with NGF) DRG neuron responses to 1 M capsaicin in sham control and NGF infusion. When compared with control, 72-h infusion of NGF (0.25 g/h) increased peak inward current amplitudes in IB 4 -negative DRG neurons but not in IB 4positive neurons.
Finally, in another group of experiments 100 ng/ml of NGF were added in the culture dish containing the DRG neurons 60 min before each recording. The magnitude of the DRG neuron TRPV1 response was examined with and without the prior exposure of NGF. Both original traces and average data are shown in Fig. 5, A and B . Adding NGF to the culture dish of 1 M of capsaicin led to larger peak inward current amplitudes in IB 4 -negative DRG neurons (n ϭ 36 with NGF; and n ϭ 40 without NGF) but not in IB 4 -positive neurons (n ϭ 47 with NGF; and n ϭ 42 without NGF).
DISCUSSION
The results of our present study show that the femoral artery ligation increased NGF levels in DRG neurons of rats. Fur-thermore, hindlimb ischemia augmented capsaicin-induced currents of both IB 4 -negative and IB 4 -positive DRG neurons innervating muscles. In addition, infusion of NGF in the muscles as well as the addition of NGF to the culture dish containing DRG neurons increased the magnitude of the TRPV1 response in IB 4 -negative but not in IB 4 -positive DRG neurons. These findings suggest that NGF plays a role in augmented TRPV1 responses after hindlimb muscle ischemia by affecting a selective subpopulation of the afferent neurons.
A prior report has shown that NGF levels are elevated in hindlimb muscles of rats 24 h after the femoral artery ligation (12) . However, this study did not determine NGF levels in the primary sensory neurons after ischemia. In our current study, the ELISA method was used to assess NGF levels in DRG neurons as reported previously (53) . The femoral artery occlusion elevated NGF in the DRG, and 24 and 48 h of postocclusion significantly increased NGF levels in the DRG of ischemic rats. It is noted that there was no difference in NGF levels between 24 and 48 h after the occlusion.
Our previous study has demonstrated that the femoral artery occlusion increased the magnitude of TRPV1 response to capsaicin in DRG neurons innervating muscles (47) . A time course of altered TRPV1 response induced by ischemia was also determined in this prior experiment. The augmented TRPV1 response was seen 24 and 48 h after occlusion. The time courses are very similar in elevated NGF and increased TRPV1 responsiveness in the DRG neurons. The similarity may indicate that there is a close relationship between NGF and TRPV1 responses in the DRG neurons in the processing of the muscle ischemia. It has been reported that NGF can increase TRPV1 expression and response in DRG neurons (2, 54, 55) . Thus ischemia-induced NGF is likely to increase TRPV1 expression and responsiveness after femoral artery occlusion. The results of our current experiment further show that ischemia augmented capsaicin-induced currents in both IB 4 -negative and IB 4 -positive DRG neurons.
Thin fiber afferent nerves (neurons) are distinct as IB 4 negative and IB 4 positive because of their distinct neurochemical characteristics and neurotrophic factor responsiveness. The IB 4 -negative neurons express trkA receptors for NGF, depend on NGF for survival during postnatal development, and contain neuropeptides such as calcitonin gene-related peptide and substance P (3, 5, 6, 31) . The IB 4 -positive neurons express receptors for glial cell line-derived neurotrophic factor (GDNF), depend on GDNF for survival during postnatal development, and are relatively peptide poor but express a surface carbohydrate group that binds IB 4 (3, 5, 6, 31) .
Our current findings show that NGF infused in the muscles and NGF added to the culture dish increase the magnitude of TRPV1 response in IB 4 -negative DRG neurons but not in IB 4 -positive DRG neurons. This result is consistent with the idea that NGF is more responsible for the IB 4 -negative neurons (3, 5, 6, 31) . However, it is interesting that ischemia can also augment capsaicin-induced currents of both IB 4 -negative and IB 4 -positive DRG neurons. Ischemia-augmented TRPV1 response of IB 4 -positive DRG neurons suggests GDNF may also be involved in the processing of TRPV1 responsiveness after the femoral artery occlusion. Prior studies have shown that GDNF can also increase activities of TRPV1 receptors in sensory nerves (1, 28) . Additional experiments are needed to determine GDNF levels after the hindlimb muscle ischemia and its modulating effects on ischemia-induced TRPV1 responsiveness.
TRPV1 receptors appear preferentially on metabolite-sensitive thin fiber sensory neurons (27) . These receptors are located on afferents in a variety of tissues and mediate the effect of the vanilloid compound capsaicin (8) . Capsaicin injected into the pulmonary circulation activates C fibers that play a role in evoking a pulmonary chemoreflex (9, 35) . The epicardial application of capsaicin stimulates cardiac TRPV1 receptors evoking a sympathoexcitatory reflex (52) . The competitive capsaicin antagonist capsazepine has been shown to reduce capsaicin-induced activation of the cloned nonselective cation channel TRPV1 (8) . Capsazepine also abolishes capsaicininduced C fiber activity both in vitro and in vivo (13, 22) . Although the endogenous TRPV1 ligand has not been determined, both the metabolic by-products accompanying the inflammatory process (lactic acid, H ϩ ) and inflammatory mediators themselves (histamine, seratonin, prostaglandin E 2 ) have been identified as potential endogenous ligands for the C fiber capsaicin receptor. Hydrogen ions (H ϩ ) in general and lactic acid in particular have been shown to activate C fiber afferents similar to the effect seen with capsaicin (7, 17, 39) . In vitro studies have demonstrated that H ϩ inhibits the binding of the capsaicin analog resiniferatoxin to vanilloid receptors, a finding attributed to competition for the same binding site (42) .
Activation of thin fiber muscle afferent nerves increases blood pressure and heart rate via a reflex muscle response (18, 19) . When capsaicin is injected into the arterial supply of the dog hindlimb, blood pressure rises by 20%, an effect abolished by sectioning afferent nerves (10) . The muscle pressor response is likely to be due to the stimulation of both group III and IV fibers since capsaicin stimulates 71% of group IV and 26% of group III dog hindlimb muscle afferent fibers (18) . In a recent study, we observed that when capsaicin is injected into the arterial supply of the hindlimb muscles of rats, blood pressure increases and the effect is mediated via the engagement of TRPV1 receptors on sensory afferents (24) .
It is well established that group III and IV thin fiber afferents in skeletal muscle mediate, in part, the cardiovascular response to exercise. However, the TRPV1 receptor appears to play little role in stimulating thin fiber afferents in cats during static contraction of freely perfused muscles (21) . Protons (lower pH) in the muscle interstitium may be required in mediating the reflex responses with activation of TRPV1 because TRPV1 response is sensitive to pH. As interstitial pH is lowered to 6.5, TRPV1 responsiveness is augmented (14) . Notably, the value of pH required for the stimulation of TRPV1 receptors in the interstitial space is lower than that seen during either dynamic exercise or static contraction. Thus it is postulated that during exercise the likely stimuli to TRPV1 receptors are temperature and muscle metabolites (such as protons, ATP, and inorganic phosphates) accumulated in exercising muscles or some combination. A recent study suggests that P2X, TRPV1, and acid-sensing ion channel (ASIC) play a combining role in sensory neurons innervating skeletal muscles since neurons are exposed to physiological concentrations of muscle metabolites (25) . Blocking ASIC can also attenuate the effects of lowering the pH on TRPV1 (14) . Circulatory occlusion for 24 h is likely to increase muscle metabolites, thereby augmenting the expression and sensitivity of TRPV1 receptors (47) and then altering sensitivity of TRPV1 receptors to protons. In situations with muscle ischemia, we speculate that TRPV1 is activated when metabolites are accumulated in resting and active muscles to a greater degree. Thus augmented muscle afferent responses to stimulation of TRPV1 are seen at 24-h postischemia (47) . This is likely to lead to increased afferent discharge and a resultant augmentation of the pressor response to exercise. A prior study has demonstrated that the pressor response in patients with intermittent claudication is markedly augmented during exercise (4). On the other hand, it possible that an increase in metabolites can dilate the vessels in active muscles and tend to neutralize the effect of enhanced vasoconstriction. Clearly, additional experiments are needed to examine the role of TRPV1 in the exercise pressor reflex after hindlimb muscle ischemia.
Nevertheless, we have reported that the femoral artery occlusion can upregulate TRPV1 receptors and augment the responsiveness of those receptors in the primary sensory neurons (47) . In turn TRPV1-mediated reflex sympathetic and pressor responses are enhanced after the insult of hindlimb muscle ischemia (47) , suggesting that TRPV1 receptors are sensitized after muscle ischemia. Thus we suggest that alterations in TRPV1 contribute to enhanced sympathetically mediated vasoconstriction. This response may lead to a reduction in blood flow directed to skeletal muscle and limited exercise capacity (43, 45) seen under circumstances of muscle vascular insufficiency or muscle ischemia associated with peripheral arterial occlusive disease. In the present study, we further show that NGF plays a role in augmented TRPV1 responses in the DRG neurons, suggesting that NGF is a key factor in the involvement of ischemia-induced sympathetic responses. It is also noted that that NGF affects a selective subpopulation of the afferent neurons in augmented TRPV1 responses after femoral artery occlusion.
Approximately 30% of patients with intermittent claudication have symptoms of pain or leg fatigue with walking (15) . Thus another issue to be considered is the role of NGF in accompanying pain. There seems to be widespread agreement that the primary role played by NGF is to initiate and maintain hypersensitivity of sensory neurons after tissue injury or inflammation (33, 36) . This hypersensitivity by sensory neurons is attributed to either a lower threshold or an increased discharge or both in response to a given stimulus. In animals, NGF has been shown to reduce nociceptive thresholds in several models of pain (23, 46) . It is reported that the hyperalgesic effects of NGF are due to increased neuropeptide release from thin fiber afferents. For example, immunoneutralization of NGF decreased substance P content in small sensory neurons (38) . On the other hand, exogenous NGF increases substance P and CGRP levels in these neurons (26) . TRPV1 in sensory nerves plays an important role in modulating peripheral pain (41) . Our data further show that NGF increases TRPV1 response in primary sensory neurons that innervate the hindlimb muscles. Little is known about the interplay of pain and ischemia-enhanced afferent stimulation in intermittent claudication during exercise. A recent report has shown that exercise training has benefits for patients with peripheral artery disease (29) . For example, exercise training can improve sympathetic nerve activity and reduce the resting levels of norepinephrine leading to vasoconstriction (20, 30) . A decrease in chronic sympathetic tone produced during training may also contribute to reduced progression of peripheral artery disease, thereby reducing overall susceptibility to inflammation and coagulation predisposing to further injury.
There is a limitation of this study. We did not determine whether chronic infusion of the NGF in the muscle can increase NGF in the DRG neurons to levels similar to those seen in the hindlimb muscle ischemia. A single injection of NGF (5 g) into the masseter muscle of humans reduced significantly pressure pain thresholds, and the effect lasted about 7 days (40) . Likewise, a single intradermal injection of NGF (1 g) into the forearm skin of humans produced pressure allodynia and heat-induced hyperalgesia, effects which started 3 h after injection and peaked at ϳ3 days (11) . In animals, NGF that has been shown to reduce nociceptive thresholds in several models of pain is in a range of micrograms (23, 46) . The effects of NGF on pain or its threshold are presumably via sensory nerves (neurons). In the present experiment a total of 18 g NGF was delivered using the minipump over 72 h. Consequently, TRPV1 response was increased as shown in our data. Nevertheless, we postulate that NGF infusion into the muscle increases NGF in the neurons, thereby augmenting TRPV1 response.
In conclusion, our data demonstrate that the femoral artery occlusion significantly increased NGF in the DRG neurons compared with sham control. The arterial occlusion then augmented responses with the activation of metabolite-sensitive TRPV1 receptors in IB 4 -positive and -negative DRG neurons. We further show that increased NGF in the muscles and in the culture dish containing DRG neurons amplified the magnitude of TRPV1 response to capsaicin in IB 4 -negative but not in IB 4 -positive DRG neurons. These findings suggest that NGF plays a role in augmented TRPV1 responses in the processing of muscle ischemia or vascular insufficiency induced by the femoral artery occlusion. Our data suggest that a selective subpopulation of the afferent neurons is engaged in NGFaugmented TRPV1 response. Thus the evidence of our study provides strong support for the proposition that NGF regulation in muscle metabolic changes associated with TRPV1 receptors contributes to augmented sympathetic activity and may lead to a reduction in exercise capacity seen in the peripheral artery disease.
